Lucigenin and paraquat are similar in that each can be taken into Escherichia coli and can then mediate O 2
A previous study (1) has established that lucigenin (Luc ϩϩ ) is readily reduced univalently and that the resultant lucigenin cation radical (Luc ⅐ ϩ ) autoxidizes and thus generates O 2 . . Luc ⅐ ϩ also reacts with O 2 . in a radical-radical addition reaction to yield an unstable dioxetane, whose decomposition yields the excited state acridone, which emits light in returning to the ground state (2) (3) (4) . Because it can thus act as both a source of and a detector of O 2 . , Luc ϩϩ luminescence is not a reliable measure of [O 2 . ]. The inhibition of this luminescence can however be used as a measure of superoxide dismutase (SOD) activity. Scott and Eaton nevertheless recently reported (5) that a sodA sodB strain of Escherichia coli elicited much more Luc ϩϩ luminescence than did the SOD-replete parental strain, and they asserted that they were measuring intracellular [O 2 . ]. This was of special interest to us because we had previously attempted to measure [O 2 . ] in E. coli based on the balance between the rapid inactivation of aconitase by O 2 .
and its reactivation by Fe(II) plus cellular reductants (6) . We have also tried to calculate [O 2 . ] based on its measured rate of generation and known rates of removal by SOD and by glutathione (7) . We therefore undertook an exploration of Luc ϩϩ luminescence elicited by E. coli. The results of these studies that lead to an appreciation of the degree of protection by SOD, afforded to cellular targets of O 2 . , are reported herein.
MATERIALS AND METHODS
Luc ϩϩ (bis-N-methylacridinium nitrate) was from Aldrich; CuZnSOD was from Diagnostic Data (Mountain View, CA); catalase was from Boehringer Mannheim; PQ ϩϩ (methyl viologen), NADPH, glucose-6-phosphate, succinate, xanthine, and cytochrome c were from Sigma; malate was from ICN; yeast extract and bactotryptone were from Difco; and glucose was from Mallinckrodt (Chesterfield, MO). Xanthine oxidase was prepared by R. Wiley (Duke University Medical Center) from bovine cream as described by Waud et al. (8) . SOD activity was assayed by the xanthine oxidase͞cytochrome c method (9) . MnTMPyP was prepared as described by Pasternack et al. (10) The strains of E. coli were as follows: AB1157, parental strain; JI132, sodA sodB; JI130; sodA; JI131, sodB; and AB1157 ϩ pHS1-4, FeSOD overproducer. These strains were obtained from J. A. Imlay (11) . Bacteria were grown overnight in Luria-Bertani (LB) medium, which in the case of AB1157 ϩ pHS1-4 contained 12.5 M tetracycline. Aeration was maintained by shaking at 200 rpm at 37ЊC. In the morning, cells were inoculated into fresh medium as specified in the figure legends and were then grown in all cases without antibiotic. In some cases, paraquat or MnTMPyP was added, and subsequently samples were taken, lucigenin was added, and luminescence was measured. In other cases, cells were collected by centrifugation, washed with 50 mM potassium phosphate (pH 7.3), and then suspended to equal A 600 in the same buffer plus carbon source, or in LB medium. Subsequently, lucigenin was added and luminescence measured. When it was desirable to suppress MnSOD biosynthesis, the cells were grown for several hours in anaerobic GAS-Pack containers (BBL, Baltimore). In all cases, Luc ϩϩ was the last component added before measurement of luminescence in a Turner Designs Model 20E luminometer as described (1) . The reaction volume was 0.8 ml, and the instrument was operated with a 5-sec delay and 10-sec integration time.
When enzyme activity assays were indicated, cells were washed with 50 mM potassium phosphate (pH 7.8) and then lysed with a French Press. Lysates were clarified by centrifugation, and the resultant extracts were assayed for protein (12) , fumarase (13) , and glucose-6-phosphate dehydrogenase (14) . NADPH:Luc ϩϩ oxidoreductase was assayed as previously described for NADPH:PQ ϩϩ oxidoreductase (15) .
RESULTS
Comparison of sodA sodB and SOD-Replete Strains. Overnight cultures in LB medium were diluted 1:40 with fresh LB and were grown for 90 min. At this time, the sodA sodB strain (JI132) had reached A 600 ϭ 0.25, whereas the faster growing SOD-replete strain (AB1157) had achieved A 600 ϭ 1.0. The cells were collected by centrifugation, washed once with 50 mM potassium phosphate (pH 7.3), and then diluted to A 600 ϭ 0.5 in the specified medium containing 0.1 mM Luc ϩϩ . Fig. 1 demonstrates that JI132 elicited more Luc ϩϩ luminescence than did AB1157, a result in agreement with that of Scott and Eaton (5). This difference was greater when the carbon source was glucose (Fig. 1 , bars 1 and 2) than when it was LB medium (bars 3 and 4), and the difference was least when the only carbon source was succinate (bars 5 and 6). This luminescence reflected intracellular events since addition of SOD or catalase, to 10 g͞ml, to the suspending medium did not cause significant inhibition. Strains singly defective in either sodA or sodB, or strains overproducing the FeSOD, did not behave significantly differently than the SOD-replete parental strain (data not shown). This makes sense as will be discussed subsequently. The decreased luminescence seen when glucose was replaced by the amino acids in the LB medium, or by succinate, is also understandable. Thus the supply of electrons, from nutrients dependent for their catabolism on the citric acid
Effect of the SOD-mimic MnTMPyP on luminescence. Cells grown overnight in LB were diluted 100-fold into fresh, aerated minimal salts plus 0.2% casamino acids͞3 g/ml thiamine͞3 g/ml pantothenic acid͞0.2% glucose. At intervals, 0.78-ml aliquots were taken and mixed with 20 l of 2 mM Luc ϩϩ , and the luminescence of four consecutive 10-sec integration times separated by 5-sec delay times were averaged. Lines: 1, AB1157; 2, JI132 with MnTMPyP added to 0.4 M 5 min before removal of the first sample; 3, JI132.
FIG. 3. Luc ϩϩ luminescence elicited by anaerobically grown E. coli.
Overnight aerobic cultures in LB medium were diluted 1000-fold into fresh LB plus 0.25% glucose and further incubated for 4.5 hr in gas pack jars. The jars were opened, the cultures were shaken in air at 200 rpm for 2 min, 0.78-ml aliquots were mixed with 20 l of 2.0 mM Luc ϩϩ , and luminescence was averaged from three consecutive 10-sec integrate periods separated by 5-sec delays. Bars: 1, AB1157; 2, sodA; 3, sodB; 4, sodA sodB. Overnight cultures were diluted 40-fold with fresh LB and were grown for 90 min, at which point A600 was 0.25 for JI132 and 1.0 for AB1157. Cells were collected, washed in 50 mM sodium phosphate (pH 7.3), and resuspended in this buffer, or in LB medium at pH 7.0, to equal densities. Reaction mixtures contained 0.72 ml of medium, 40 l of cell suspension, and 40 l of 2.0 mM Luc ϩϩ . Luc ϩϩ was the last component added. A600 in the reaction mixture was 0.5. Luminescence yield from five sequential 10-sec integration times, separated by 5-sec delay times, were averaged. Bars 1 and 2 represent JI132 and AB1157, respectively, both in 50 mM sodium phosphate (pH 7.3) plus 0.25% glucose. Bars 3 and 4 represent JI132 and AB1157, respectively, both in LB medium. Bars Fig. 5 . Once again, the luminescence was much less with the SOD-replete strain (Fig. 2, line 1) . It is possible that the apparent decrease in luminescence with incubation time was due to increased masking of emitted light by the higher cell densities achieved with time in these growing cultures.
Transition from Anaerobic to Aerobic Conditions. Little difference was seen in the Luc ϩϩ luminescences elicited by the SOD-replete parental and the singly defective sodA or sodB mutants, when aerobically grown cells were used. However, when the cells were grown anaerobically and were then aerated for only Ϸ2 min before the addition of Luc ϩϩ , there was a substantial difference between the sodA and the sodB strains, as shown in Fig. 3 (compare bars 2 and 3) . This is the expected result because sodA (or MnSOD) is not made by the anaerobic cells and is induced by aeration, whereas sodB (or FeSOD) is constitutive. Thus the sodA strain will contain FeSOD even when grown anaerobically, whereas the B strain, being unable to make FeSOD, will contain almost no SOD when grown (20) and to induce the soxRS regulon (21-24), which it does by cycles of univalent reduction followed by autoxidation. If there were no further complications, one might expect that the presence of PQ ϩϩ would increase the Luc ϩϩ luminescence elicited by sodA sodB E. coli. However, as shown in Fig. 4 , PQ ϩϩ did not increase this luminescence when added 30 min (line 1) or 135 min (line 2) before the addition of Luc ϩϩ . Indeed, at higher concentrations and at longer times of exposure, it diminished the luminescence. There are several factors that account for this result. PQ ϩϩ and Luc ϩϩ share structural similarities, as shown in Fig. 5 , and both are capable of cycles of univalent reduction followed by autoxidation (1). Since PQ ϩϩ is actively taken up by E. coli (25) , it is reasonable to suspect that Luc ϩϩ is also. Thus Luc ϩϩ and PQ ϩϩ are likely to compete for uptake and for electrons. The competition for reduction has been demonstrated in vitro (1) . PQ ϩϩ may be expected to limit the electron supply available for reduction of Luc ϩϩ both by shunting electrons from NAD(P)H and other cellular reductants to dioxygen and by decreasing regeneration of these reductants due to inhibition of aconitase, fumarases A and B, and other [4Fe-4S]-containing dehydratases by O 2 . .
Induction of the Members of the soxRS Regulon by Luc ؉؉ .
We have previously shown that Luc ϩϩ could cause the production of O 2 . , by glucose oxidase plus glucose (1) . It was of interest to ascertain whether it could also shunt electrons to O 2 , with production of O 2 . , within E. coli. This was tested by examining the ability of Luc ϩϩ to cause induction of members of the soxRS regulon and to do so to a greater degree in a sodA sodB strain than in the parental strain. Fig. 6 demonstrates that Luc ϩϩ induced glucose-6-phosphate dehydrogenase, fumarase C, and an NADPH:Luc ϩϩ reductase. In all three cases, One biological unit is defined as that concentration of SOD within E. coli which will cause 50% inhibition of Luc ϩϩ luminescence. The curve was generated using the expression % inhibition ϭ (n͞n ϩ 1)100, where n is the number of biological units of SOD. The sodA sodB strain was taken to contain no SOD since the CuZnSOD is present in Ϸ2% (29) the amount of SOD A plus SOD B and moreover is periplasmic (30) . The positions of the other strains of E. coli are indicated on the assumptions that the single mutants contain Ϸ1͞2 concentration of SOD contained in the parental strain and that the SOD B overproducer contains Ϸ5 times the [SOD] of the parental strain.
induction was greater in the sodA sodB strain than in the parental strain. We have previously shown that NADPH:ferredoxin reductase is a member of the soxRS regulon and that it can reduce PQ ϩϩ (26) . Probably it can also reduce Luc ϩϩ . The redox similarities between Luc ϩϩ and PQ ϩϩ are striking, and since PQ ϩϩ is known to induce these enzymes through soxRS (27, 28) , it is most likely that Luc ϩϩ also induces them by way of soxRS. Fig. 7 , which is a theoretical curve presenting the degree of protection by SOD of any target, including Luc ⅐ ϩ , which is susceptible to attack by O 2 . . The concentration of SOD is given in biological units, where 1 unit provides 50% protection. If 1 unit of SOD gives 50% protection, then 3 units gives 75% protection, and so on to a limit of 100% protection at ϱ SOD. This curve was constructed using the simple equation % protection ϭ (n͞n ϩ 1)100, where n is the concentration of SOD in units per volume. Since Luc ϩϩ luminescence was Ϸ95% inhibited in the parental strain, compared with the sodA sodB strain, the parental strain contained Ϸ19 units of SOD. It is clear from the curve why no difference will be discernible in Luc ϩϩ luminescence between the parental strain and the strains defective in one SOD or overproducing one SOD. This is the case not only because of the small differences in % protection as one approaches the limit of 100% protection but also because the signal-to-noise ratio declines precipitously as the luminescence intensity decreases.
DISCUSSION
These estimates of the degree to which SOD decreases [O 2 . ] in E. coli, derived from measurements of Luc ϩϩ luminescence, are in reasonable agreement with estimates arrived at by other methods. Thus the steady state [O 2 . ] was estimated to be 2 ϫ 10 Ϫ10 M in SOD-competent E. coli and 5 ϫ 10 Ϫ7 M in SOD-null cells (7), based on in vitro measurements. This is a 2,500-fold difference, whereas the Luc ϩϩ luminescence indicates only a Ϸ20-fold difference in [O 2 . ] between sodA sodB and parental strains. However, the earlier estimate (7) through the action of PQ ϩϩ will inactivate fumarases A and B and aconitases and thus diminish the supply of reducing equivalents coming from the citric acid cycle. An additional minor problem with the Scott and Eaton paper (5) is that they equated urate production by xanthine oxidase and O 2 . production. In fact, only a fraction of the electrons flowing through xanthine oxidase result in O 2 . production (32, 33) . Finally, it should be pointed out that the rate of reduction of Luc ϩϩ to Luc ⅐ ϩ will probably be different in the xanthine oxidase plus xanthine system than within E. coli, and it is Luc ⅐ ϩ not Luc ϩϩ that reacts with O 2 . to yield luminescence.
It should be emphasized that, in spite of the complications attending its use, Luc ϩϩ luminescence by E. coli provided with a carbon source is a reasonable inverse measure of intracellular SOD activity and that its use indicates that the SOD in SODcompetent E. coli provides Ϸ95% protection of all O 2 . -sensitive targets in the cell. 
